1 Inpp5e attenuates Sonic hedgehog signal transduction through a combination of positive and 2 negative regulatory roles that likely control the relative timing of Gli processing. 3 4 Abstract 5 6 Sonic hedgehog (Shh) signal transduction specifies ventral cell fates in the neural tube
Introduction

22
Shh signaling plays a major role in determining the identity of the ventral cell fates in the 23 developing neural tube (Echelard et al., 1993 , Roelink et al., 1994 . The cells at the ventral 24 midline, called the floor plate, require a high concentration of Shh during a critical 25 developmental time window (Ribes et al., 2010) . Other ventral cell fates are specified due to 26 both the concentration and duration of Shh signaling. For example, Nkx2.2-positive V3 27 interneuron precursors, can be specified by either high concentrations of Shh or by increasing 28 time of exposure to lower amounts of Shh (Dessaud et al., 2007) . The ability of a cell to monitor 29 the duration of signaling is thus critical but we currently lack a detailed understanding of how 30 cells interpret the duration of Shh signal.
The downstream effectors of Shh signaling are the Gli transcription factors Gli1, Gli2 and Gli2 is the primary activator and Gli3 is the major repressor (Ding et al., 1998 , Matise et al., 35 1998 , Litingtung and Chiang, 2000 , Persson et al., 2002 . Full length Gli protein is processed to 36 a mature activator (GliA) form or cleaved to a repressor (GliR) form based on the presence or exencephaly (88%, 61/69) and either microphthalmia or anophthalmia (80%, 33/41). 77% level (13/40) ( Fig. 2E ). The Inpp5e rdg/rdg embryos died around E13.5. In order to determine 171 whether the D511G mutation was causative, we crossed Inpp5e rdg /+ to mice carrying an Inpp5e 172 deleted allele (Inpp5e ΔEx7-8/+ ) and examined the compound heterozygote embryos. Inpp5e rdg/ΔEx7-173 8 embryos display exencephaly, anophthalmia, spina bifida and a rough neural tube indicating 174 the alleles failed to complement and that Inpp5e rdg is an allele of Inpp5e (Fig. 2F ).
175
Upon stimulation of cultured cells with the Shh agonist SAG, cells lacking Inpp5e show a 176 diminished Shh response (Chavez et al., 2015 , Dyson et al., 2017 , Garcia-Gonzalo et al., 2015 .
177
To determine the Shh response of cells carrying Inpp5e rdg , we generated MEFs from 178 Inpp5e rdg/rdg and control littermate embryos and tested their ability to respond to Shh stimulation.
179
As expected, we found control MEFs increased expression of Gli1, a Shh target gene, upon 180 stimulation with Shh-conditioned media ( Fig. 2H ) (p<0.01). However, the Inpp5e rdg/rdg MEFs 181 displayed no change in Gli1 levels when treated with Shh ( Fig. 2H ). Similar results have been 182 shown for cell lines lacking Inpp5e function (Chavez et al., 2015 , Dyson et al., 2017 183 Gonzalo et al., 2015) . Thus, the Inpp5e rdg allele phenocopies Inpp5e null alleles in cultured 184 cells.
185
The fact that Inpp5e rdg/rdg embryos died at E13.5 contrasts with the two previously 186 studied Inpp5e null alleles: Inpp5e ΔEx7-8 which deletes exons 7-8 and Inpp5e ΔEx2-6 which deletes 187 exons 2-6 ( Fig. 2B ). Both of these deletion mutants die at birth and both were analyzed on a 188 predominantly C57BL/6 background (with some possible contribution from 129/Sv) (Dyson et 189 al., 2017 , Jacoby et al., 2009 . Our analysis of the Inpp5e rdg allele was on an FVB background.
190
To distinguish whether such phenotypic distinctions reflected differences in allelic function or 191 strain background, we backcrossed the Inpp5e ΔEx7-8 allele onto FVB for three generations. We 192 found that these FVB-Inpp5e ΔEx7-8/ΔEx7-8 embryos died at E13.5-14.5 and displayed exencephaly, 193 anophthalmia, spina bifida and a rough neural tube ( Fig. 2G ). We also examined neural tube 194 patterning in E10.5 FVB-Inpp5e ΔEx7-8/ΔEx7-8 embryos and found expanded ventral neural cell fates 195 comparable to Inpp5e rdg/rdg (Fig. S1A-J) . Thus, the Inpp5e ΔEx7-8 allele on the FVB background 196 phenocopies the Inpp5e rdg allele. We performed the reciprocal experiment and crossed the 197 Inpp5e rdg allele onto the C57BL/6 background for four generations. We identified live B6-
198
Inpp5e rdg/rdg embryos at E16.5 (6/25, 24%) that displayed exencephaly (5/6), spina bifida (2/6), 199 microphthalmia or anophthalmia (6/6) and hindlimb preaxial polydactyly (5/6) ( Fig. 2I In the course of comparing the phenotypes of the Inpp5e rdg and Inpp5e ΔEx7-8 alleles, we 208 evaluated neural patterning at E12.5. In Inpp5e rdg/rdg embryos, we found FoxA2 expression was 209 restricted to the floor plate as in control embryos (Fig. 3A, E) . Similarly, we found Nkx2.2-210 positive cells only in the p3 domain adjacent to the floor plate in control and Inpp5e rdg/rdg mutant 211 embryos ( Fig. 3B, F) . Overall, Olig2-and Nkx6.1-positive cells appeared in their normal 212 domains with only slight expansion of the pMN domain of Inpp5e rdg/rdg embryos compared to 213 controls ( Fig. 3B , C, F, G). These data indicate that the Shh response in Inpp5e rdg/rdg mutant 214 embryos is comparable to wild type by E12.5. We also observed normal patterning in FVBwhether the dorsal boundary of the Shh response is normal in Inpp5e rdg/rdg and Inpp5e ΔEx7-8/ΔEx7-8 219 embryos, we stained neural tube sections with antibody against Pax6. We found Pax6 220 expression in Inpp5e rdg/rdg and Inpp5e ΔEx7-8/ΔEx7-8 embryos appeared the same as in wild type 
222
Inpp5e rdg/rdg and Inpp5e ΔEx7-8/ΔEx7-8 embryos recovers by E12.5. Taken together, these data imply 223 that Inpp5e is not simply a negative regulator of the Shh response in the neural tube.
225
Altered ciliary enrichment of Tulp3 and Gpr161 in Inpp5e rdg/rdg neural tubes 226 227 Inpp5e removes the 5-phosphate from PI(3,4,5)P 3 and PI(4,5)P 2 and loss of Inpp5e 228 function results in increased ciliary PIP 2 (Garcia-Gonzalo et al., 2015 , Chavez et al., 2015 229 Kisseleva et al., 2000) . Tulp3 traffics G-protein coupled receptors (GPCRs) into cilia in a PIP 2 -230 dependent manner (Mukhopadhyay et al., 2010) . Increased PIP 2 levels in Inpp5e-deficient cilia 231 increases the amount of Tulp3 seen (Chavez et al., 2015 , Garcia-Gonzalo et al., 2015 . To 232 determine whether Inpp5e rdg affected Tulp3 localization in a similar manner, we stained E10.5 233 neural tube sections with antibodies against Tulp3. We detected no Tulp3 in wild type neural 234 tube cilia ( Fig. 4A-C) . In contrast, we observed Tulp3 staining in 90% of Arl13b positive luminal 235 cilia in the ventral neural tube of the Inpp5e rdg/rdg mutants ( Fig. 4D-G) . As Tulp3 is a known PIP 2 -Increased PIP 2 in Inpp5e-deficient cilia recruits Shh antagonist Gpr161 via a PIP 2 /Tulp3-239 dependent mechanism (Chavez et al., 2015 , Garcia-Gonzalo et al., 2015 . To determine 240 whether an increase in ciliary levels of Gpr161 occurred coincident with the increase in Tulp3,
241
we examined the localization of Gpr161 in ventral neural tube cilia. In wild type embryos, 3.4% 242 of cilia were Gpr161-positive, whereas 34% of cilia stained for Gpr161 in Inpp5e rdg/rdg embryos 243 (p<0.001) ( Fig. 4H-N) . These data imply that in the neural tube, the increased PIP 2 in 244 Inpp5e rdg/rdg mutant cilia efficiently recruits Tulp3 to cilia but Tulp3 is not sufficient to recruit 245 Gpr161 to all cilia in vivo.
247
Ift172-dependent and -independent functions of Inpp5e 248 249 Inpp5e is predominately localized to the cilium (Bielas et al., 2009 , Jacoby et al., 2009 
250
and Shh signaling is tightly associated with the cilium (Huangfu et al., 2003, Goetz and 251 Anderson, 2010) . To determine whether the Inpp5e rdg/rdg neural tube patterning phenotype 252 requires cilia, we generated Inpp5e rdg/rdg ;Ift172 wim/wim double mutant embryos. Ift172 is an 253 intraflagellar transport protein required for ciliary assembly and maintenance. Ift172 wim/wim single 254 mutants do not produce a cilium, show exencephaly without a groove at the ventral midline and 255 do not specify ventral neural cell fates, with the exception of Nkx6.1-positive cells which are 256 Shh-dependent and cilia-independent ( Fig. 5E ,F) (Huangfu et al., 2003 , Norman et al., 2009 , 257 Briscoe et al., 2000 . In contrast, Inpp5e rdg/rdg single mutants displayed pronounced exencephaly 258 with a prominent groove at the midline (Fig. 5C ). In the neural tube of Inpp5e rdg/rdg mutants at 259 E9.5, we observed FoxA2 expression at the ventral midline which expanded dorsally albeit 260 diffusely through the majority of the neural tube ( Fig. 5D ). We identified an additional dorsal 261 expansion of ventral cells expressing Nkx2.2 and Olig2 intermingled with the FoxA2-positive 262 cells ( Fig. 5D , D'). We found Inpp5e rdg/rdg ;Ift172 wim/wim double mutant embryos resemble 263 Ift172 wim/wim embryos showing exencephaly lacking a ventral midline groove (Fig. 5G ). In the 264 neural tube, we found Inpp5e rdg/rdg ;Ift172 wim/wim double mutants specified no FoxA2-or Nkx2.2-265 positive cells, and had normal numbers of Nkx6.1-positive cells similar to Ift172 wim/wim single 266 mutants ( Fig. 5H when Inpp5e is lost. In the neural tube, Gli3 is the major repressor of Shh signaling (Litingtung 299 and Chiang, 2000, Persson et al., 2002) , and we previously showed that the GliR gradient plays 300 a critical role between E10.5 and E12.5 to properly specify cell fate (Su et al., 2012) . We 301 performed Western blots in order to examine Gli processing in Inpp5e rdg/rdg animals. Using 302 antibodies against Gli2 and Gli3 which detect full-length (185kD Gli2 and 190kD Gli3) and 303 cleaved Gli3 protein (83 kD Gli3R), we evaluated whole embryo protein extracts at E10.5 and Inpp5e rdg/rdg at either E10.5 or E12.5. We saw no change in the 83kD Gli3 band in Inpp5e rdg/rdg 307 compared to wild type at either E10.5 or E12.5. These data suggest that the overall levels of 308 Gli2FL, Gli3FL and Gli3R are unaltered in homogenized Inpp5e rdg/rdg embryos.
309
In order to determine whether Gli3 repressor is functionally altered in Inpp5e rdg/rdg 310 embryos, we evaluated Inpp5e rdg/rdg ;Gli3 Δ/Δ double mutants. At E12.5, we found the Gli3 Δ/Δ 311 mutants specified FoxA2-, Nkx2.2-and Olig2-positive cells in the same domains as the control 312 and Inpp5e rdg/rdg littermates ( Fig. 6C-E, Fig. 3 ). This is consistent with previous reports of Gli3 Δ/Δ 313 mutants displaying normal specification of these cell fates (Litingtung and Chiang, 2000, 314 Persson et al., 2002) . In contrast, we found dorsally scattered FoxA2-and Nkx2. Our data point to Inpp5e regulating the Shh response through a more complicated 324 mechanism than previously appreciated. In vitro, we found Inpp5e rdg/rdg MEFs did not respond to 325 Shh stimulation, consistent with previous reports that Inpp5e plays a positive role in Shh signal 326 transduction (Garcia-Gonzalo et al., 2015 , Dyson et al., 2017 , Chavez et al., 2015 
339
regulating Shh signaling from within the cilium. We showed the Inpp5e mutant alleles are sensitive to strain background, which along with the complementation test, enabled us to demonstrate that Inpp5e rdg is a functional null allele.
343
The simplest model to explain the expansion of ventral fates we observed in Inpp5e rdg/rdg 344 mutants is that Inpp5e normally serves as a negative regulator of Shh signal transduction.
E12.5 Inpp5e rdg/rdg embryos along with our finding that Inpp5e function is required for the Shh 347 response in cell culture which aligns with previously published work (Chavez et al., 2015 , Dyson 348 et al., 2017 , Garcia-Gonzalo et al., 2015 . These data indicate that Inpp5e regulates the Shh 
352
Other negative regulators of Shh signaling fall into two classes: those whose loss leads 353 to complete constitutive activation of the pathway such as Ptch1, SuFu or Gnas (encoding Gα s ) 354 mutants, and those whose loss is slightly less severe such as Tulp3, Gpr161 or Rab23 mutants 355 (Mukhopadhyay et al., 2013 , Norman et al., 2009 , Patterson et al., 2009 , Goodrich et al., 1997 356 Cooper et al., 2005 , Svard et al., 2006 . Ptch1, SuFu and Gα s maintain the pathway in an "off" 357 state when ligand is not present so their loss leads to complete pathway activation: increased
358
GliA production, almost no GliR production, and specification of neural fates requiring the 359 highest Shh response. In contrast, Tulp3, Gpr161 and Rab23 adjust the output of the pathway 360 without being essential; they attenuate the pathway. Inpp5e appears to function in this second 361 category: both the Inpp5e rdg and Inpp5e ΔEx2-6 alleles allow multiple ventral neural cell fates to be 362 specified, indicating that the GliA/GliR ratio is altered consistent with the expanded Shh activity 363 gradient we observed (Dyson et al., 2017) . Furthermore, our findings that the recovery of neural 364 patterning in Inpp5e rdg/rdg embryos between E10.5 and E12.5 is Gli3-dependent along with 365 Inpp5e rdg/rdg ;Smo bnb/bnb mutant embryos exhibiting derepression of Olig2 and Nkx6.1 expression 366 are consistent with lowered GliR production in Inpp5e rdg/rdg mutants. Reduced GliR production 367 alters the effective GliA/GliR ratio consistent with the expansion of ventral cell fates in is an attenuator of Shh signaling in specifying neural cell fates and hint that it is critical for the Similar to previous findings in cultured cells, we found Inpp5e rdg/rdg mutant MEFs 374 exhibited no Shh transcriptional response (Chavez et al., 2015 , Dyson et al., 2017 375 Gonzalo et al., 2015) . We derived the MEFs from embryos carrying the Inpp5e rdg allele on an 376 FVB background, the same genetic background on which we observed an expansion of Shh-377 dependent cell fates in the neural tube. Thus, in contrast to its function in the neural tube,
378
Inpp5e plays a positive role in promoting the Shh response in MEFs. While at the surface 379 contradictory, this adds Inpp5e rdg to the list of mutations in Shh signal transduction components 380 that reveal distinctions in their neural and fibroblast phenotypes (Gigante et al., 2018 , Larkins et 381 al., 2011 , Pusapati et al., 2018 .
383
The variance in cell sensitivity to Shh ligand between fibroblasts (NIH/3T3 cells) and 384 neural progenitors lacking Gpr161 is proposed to be due to cell type-specific differences in PKA 385 activity (Pusapati et al., 2018) . Differential PKA activity could also explain the distinct 
398
Taken together, our data support a model in which loss of Inpp5e function results in the 399 alteration of the normal effective Gli ratio formed from the additive result of the GliA and GliR 400 concentration gradients (Fig. 7) . A delay in GliR gradient formation would alter the kinetics of the 401 effective Gli ratio such that there is an initial excess of GliA function that normalizes over time as 402 the standard GliA/GliR ratio forms (Fig. 7B ). This model reconciles the seemingly discordant 403 aspects of the Inpp5e phenotypes in several ways. First, in Inpp5e rdg/rdg mutants at E9.5 and 404 E10.5 low GliR production would derepress known GliR targets: Nkx6.1 and Olig2. This 405 derepression was also evident in the Inpp5e rdg/rdg ;Ift172 wim/wim mutants as well as the 406 Inpp5e rdg/rdg ;Smo bnb/bnb mutants. At the same time, low GliR production would increase the effective GliA/GliR ratio which would specify more FoxA2-and Nkx2.2-positive cell fates, as we saw at E9.5 and E10.5 in Inpp5e rdg/rdg mutants. Second, the fact that the recovery of Inpp5e rdg/rdg the fact that Inpp5e rdg/rdg and Inpp5e ΔEx7-8/ΔEx7-8 MEFs do not respond to Shh ligand is consistent 411 with fibroblasts being more efficient than neural progenitors at GliR production.
413
The intermingling of cell fates in the Inpp5e rdg/rdg neural tube suggests that the GliA/GliR 414 ratio is likely quite dynamic and variable from cell to cell. The Gli3-dependent recovery of 415 pattern in E12.5 neural tube argues that Gli3 (the predominant repressor) is biologically 416 significant even if statistically significant differences cannot be seen on Western blots. We note 417 the formal possibility that Inpp5e also changes the kinetics of GliA production; however, 418 changes in the kinetics of GliR production are sufficient to explain the apparent increase in the 419 levels of effective GliA resulting in ventral cell fate expansion. Cells can also integrate the level 420 of Shh signaling over time by taking into account the duration of Gli activity in a process known 421 as temporal adaptation (Stamataki et al., 2005 , Dessaud et al., 2007 ). Cells exposed to lower 422 concentrations of Shh lose Gli responsiveness faster than cells exposed to high concentrations 423 of Shh, allowing cells to interpret both concentration and duration of exposure (Dessaud et al., 424 2007) . Thus, the model we propose awaits techniques that monitor GliA and GliR in situ at the 425 cellular level and over time to tease these two possibilities apart.
427
Our model can reconcile some additional discrepancies. Unlike the general expansion of 428 neural cell fates we saw in the Inpp5e rdg/rdg mutants, the Inpp5e ΔEx2-6/ΔEx2-6 mutant specifies no 429 floor plate (requiring the highest levels of Shh signaling) and an expansion of more intermediate 430 cell fates (Dyson et al., 2017) . That allele, like the Inpp5e ΔEx7-8 allele, is on a C57BL/6 genetic 431 background and both display perinatal lethality (Dyson et al., 2017 , Jacoby et al., 2009 ). We 432 found the Inpp5e rdg/rdg and Inpp5e ΔEx7-8/ΔEx7-8 embryos both died at E13.5 on an FVB background 433 but viable homozygous animals were present at E16.5 on a C57BL/6 background. In the context 434 of our model, these data would predict genetic background alters the kinetics of GliA/GliR ratio 435 production. This is consistent with Inpp5e acting as an attenuator of the Shh pathway. (Badgandi et al., 2017) . Furthermore, ciliary clearance of Gpr161 460 can be uncoupled from Shh activation (Pusapati et al., 2018) . These data together suggest that 461 loss of Inpp5e uncouples the normal regulatory mechanism between Smo and Gpr161 and 462 could explain how signaling occurs in the presence of ciliary Gpr161 (Badgandi et al., 2017 , Pal 463 et al., 2016 . Our finding of Tulp3 in almost all Inpp5e rdg/rdg neural tube cilia raises another 464 possibility. Tulp3 is known to traffic multiple GPCRs into the cilium as well as other molecules 465 known to regulate the Shh pathway, so perhaps Tulp3 is regulating another modulator of the 466 Shh response (Mukhopadhyay et al., 2010 , Hwang et al., 2019 , Legue and Liem, 2019 , Han et 467 al., 2019 , Badgandi et al., 2017 . Taken together, this would explain the paradoxical increase in 468 Shh signaling in the presence of high Tulp3 and Gpr161 seen in our embryos.
470
Inpp5e functions within cilia to maintain the PI(4)P membrane composition and our 471 analysis is consistent with Inpp5e functioning within cilia to regulate Shh signaling. Other 472 enzymes that impact PI(4)P are known to regulate Hedgehog (Hh) in Drosophila, where the 473 pathway does not rely on cilia, suggesting that PI signaling is an ancient mechanism for Hh 474 regulation (Yavari et al., 2010) . The fact that our data argue Inpp5e plays a critical role for Shh signal transduction over time is provocative. Other than the reliance on cilia, the fundamental pregnant dams with tamoxifen as previously described (Su et al., 2012) . Inpp5e fl/fl animals were 647 received at Emory University and rederived on C57BL/6J. They, and the derived Inpp5e ΔEx7-8/+ 648 mice, are maintained on FVB/NJ. Inpp5e rdg/rdg ;Gli3 Δ/Δ embryos were generated by crossing 649 Inpp5e rdg/+ ;Gli3 fl/+ and Inpp5e rdg/+ ;Gli3 fl/+ ;CAGGCre-ER TM animals and treating pregnant dams 650 with tamoxifen at E7.5 as previously described (Su et al., 2012) . CAGGCre-ER TM , Ptch1 LacZ , 651 Ift172 wim , Smo bnb , and Gli3 fl were on a C3H/HeJ background when this project began and are 652 currently maintained with Inpp5e rdg on FVB/NJ. Genotyping was performed as previously 653 described or with Transnetyx, Inc. (Goodrich et al., 1997 , Blaess et al., 2008 , Jacoby et al., 654 2009 , Kasarskis et al., 1998 , Hayashi and McMahon, 2002 , Sun et al., 2012 . Timed mating of 655 heterozygous intercrosses was performed with animals less than a year old to generate 656 embryos of the indicated embryonic stage.
658
Mouse dissection, X-gal staining and immunofluorescence 659 660 Embryos were dissected in cold phosphate-buffered saline (PBS) and processed for 661 either X-gal staining or immunofluorescence.
662
Embryos were stained with X-gal as previously described (Goodrich et al., 1997) . After 663 fixing in 4% paraformaldehyde (PFA) overnight at 4°C, embryos were incubated in 30% sucrose 664 in 0.1M phosphate buffer, pH 7.3, at 4°C overnight prior to being embedded in OCT (Tissue-
665
Tek) and 40μm sections were obtained on a Leica CM1850 cryostat.
666
For immunofluorescence, embryos were fixed for 1 h in 4% PFA on ice. Embryos were 667 processed through sucrose and OCT as above, before sectioning at 10μm. Sections were 668 incubated with primary and secondary antibodies diluted in PBS with 0.1% Triton X and either 669 1% or 10% heat inactivated goat serum. The following primary antibodies were used: mouse 
Smo, Gpr161 and Tulp3 quantification
Three sections from each embryo (wild type n=3, Inpp5e rdg/rdg n=3) were used for For Shh treatment, Inpp5e rdg/+ and Inpp5e rdg/rdg MEFs were grown at a density of 0.5 × 10 6 698 cells/mL and treated for 24 h with Shh-conditioned medium containing 0.5% fetal bovine serum 699 (Larkins et al., 2011) .
700
For qPCR, whole RNA was extracted from MEFs and qPCR was carried out as 701 previously described (Bay et al., 2018 , Gigante et al., 2018 . The following primers were used 702 (5′-3′): Gli1 (GCCACACAAGTGCACGTTTG and AAGGTGCGTCTTGAGGTTTTCA); Gapdh 703 (CGTCCCGTAGACAAAATGGT and GAATTTGCCGTGAGTGGAGT) (Bay et al., 2018) . Each 704 reaction was performed in technical triplicate. Gli1 values were normalized to Gapdh within each 705 sample. Statistical significance was evaluated in PRISM v8.1.1 by applying a two-way ANOVA 706 with Tukey correction for multiple analysis on three biological replicates.
708
Western Blotting
709
Western blotting was performed as previously described (Chang et al., 2016 , Mariani et 710 al., 2016 , Bay et al., 2018 with the following antibodies: Gli2 (R&D Systems, AF3635, 1:500), ImmunoResearch, 1:5000). Lysates were made using RIPA buffer with Roche protease 713 inhibitors (Chang et al., 2016) . Values displayed are volume intensity as measured from a 714 chemiluminescent image and normalized to total protein as measured on a stain-free gel.
715
Statistical significance was evaluated in PRISM v8.1.1 by applying a two-way ANOVA with 716 Tukey correction for multiple analysis on three biological replicates.
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